Abstract Angiotensin-II acts at its type-1 receptor (AT1R) in the brain to regulate body fluid homeostasis, sympathetic outflow and blood pressure. However, the role of the angiotensin type-2 receptor (AT2R) in the neural control of these processes has received far less attention, largely because of limited ability to effectively localize these receptors at a cellular level in the brain. The present studies combine the use of a bacterial artificial chromosome transgenic AT2R-enhanced green fluorescent protein (eGFP) reporter mouse with recent advances in in situ hybridization (ISH) to circumvent this obstacle. Dual immunohistochemistry (IHC)/ISH studies conducted in AT2R-eGFP reporter mice found that eGFP and AT2R mRNA were highly co-localized within the brain. Qualitative analysis of eGFP immunoreactivity in the brain then revealed localization to neurons within nuclei that regulate blood pressure, metabolism, and fluid balance (e.g., NTS and median preoptic nucleus [MnPO]), as well as limbic and cortical areas known to impact stress responding and mood. Subsequently, dual IHC/ISH studies uncovered the phenotype of specific populations of AT2R-eGFP cells. For example, within the NTS, AT2R-eGFP neurons primarily express glutamic acid decarboxylase-1 (80.3 ± 2.8 %), while a smaller subset express vesicular glutamate transporter-2 (18.2 ± 2.9 %) or AT1R (8.7 ± 1.0 %). No colocalization was observed with tyrosine hydroxylase in the NTS. Although AT2R-eGFP neurons were not observed within the paraventricular nucleus (PVN) of the hypothalamus, eGFP immunoreactivity is localized to efferents terminating in the PVN and within GABAergic neurons surrounding this nucleus. These studies demonstrate that central AT2R are positioned to regulate blood pressure, metabolism, and stress responses.
Introduction
The renin angiotensin system (RAS) is best known as an endocrine system that regulates cardiovascular function and hydromineral balance. The potent vasoconstrictor and sodium conserving actions of angiotensin-II (Ang-II) at its type-1 receptor (AT1R) are widely studied and drugs that target either the synthesis of Ang-II or its action at the AT1R have been utilized as therapeutics for cardiovascular pathologies for decades. Over recent years, additional complexities of the RAS have come to light and have revealed additional therapeutic potential of targeting this system. It is now recognized that the RAS is not only an endocrine system, but also acts as a paracrine and autocrine system (Bader and Ganten 2008; Cassis et al. 2008; Cuadra et al. 2010) . That is, all of the components of the RAS are found in a number of specific tissues, such as the brain and adipose, and Ang-II is thought to exert tissue-specific actions at these sites. Second, the RAS is now also established to impact numerous homeostatic systems (e.g., those that regulate metabolism and glucose homeostasis), in addition to those that regulate hydromineral balance and cardiovascular function. Finally, it is also now appreciated that Ang-II and other angiotensin peptides [e.g., angiotensin (1-7)] can act at diverse receptors, such as its type-2 receptor (AT2R) and the Mas receptor, to exert functional effects that are often in opposition to those produced by Ang-II acting at AT1R (AbdAlla et al. 2001; Kostenis et al. 2005; Santos et al. 2008 Santos et al. , 2003 .
Although the existence of the AT2R has long been acknowledged, its physiological role in adulthood has received far less attention than that of its AT1R counterpart. This likely stems from a number of reports that have indicated that AT2R expression predominates during development, while the expression of AT1R predominates during adulthood (Grady et al. 1991; Ichiki and Inagami 1995; Nuyt et al. 1999; Yu et al. 2010) . Nonetheless, there are lines of evidence indicating that the brains of adult rodents densely express functional AT2Rs (Gao et al. 2012; Hauser et al. 1998; Lenkei et al. 1996 Lenkei et al. , 1997 and that AT2R activation, in many instances, counteracts AT1R activation (Sumners et al. 2013) . Of particular relevance, it is established that chronic activation of the AT1R can have deleterious consequences on cardiovascular function (Shi et al. 2010; Ye et al. 2002) , emotional state (Krause et al. 2011; Saavedra et al. 2005 ) and metabolic function (de Kloet et al. 2010) , while more recently, it has been recognized that activation of AT2R may protect against these effects (Bosnyak et al. 2010; Danyel et al. 2013; Gao et al. 2011 Gao et al. , 2014 Jing et al. 2012; Ohinata et al. 2009; Okuyama et al. 1999; Qi et al. 2012; Siragy et al. 2000; Sumners et al. 2013 ). This has led to the hypothesis that the balance between AT1R and AT2R activation governs the responses of many tissues to Ang-II, suggesting that AT2R may serve as an important new therapeutic avenue for a number of centrally mediated pathologies. That said, determining the precise molecular mechanism(s) by which brain AT2R regulates physiology has been complicated by limitations with regard to available techniques for AT2R localization (autoradiography and immunostaining), in particular on a cellular level within the brain.
In the present manuscript, we have circumvented these obstacles by making use of recent advances in molecular and genetic approaches to assess the localization of AT2R. These new methodologies provide not only improved specificity, but also improved sensitivity for detecting the AT2R. As a consequence, the present characterization of AT2R expression provides a novel view of the location of this receptor in the brain. It not only replicates studies conducted decades ago via receptor binding assays and radioactive in situ hybridization (ISH), but also reveals the expression of AT2R in additional nuclei that are critical for the regulation of cardiovascular function, energy metabolism, and responses to stress. Furthermore, using these techniques, the present data reveal the phenotype of many of these AT2R-containing cells in the central nervous system thereby uncovering some key neural circuits in which AT2R are positioned to regulate cardiovascular, metabolic, and stress responses.
Materials and methods

Animals
Experiments were conducted in outbred male mice on a [FVB/N]/[Crl:CD1(ICR)] mixed background. Mice were 10-12 weeks old at the initiation of the experiments and were maintained in a temperature and humidity-controlled room on a 12:12-h light-dark cycle with food and water available ad libitum. The AT2R reporter mouse line was initially generated by in vitro fertilization of FVB/NJ mice with Tg(AT2R-eGFP)IP72Gsat mouse sperm (on a FVB/ NTac x CD1(ICR) background) obtained from the Mutant Mouse Regional Resource Center. The details of the construct can be found at the vendor's website (http://www. mmrrc.org/catalog/sds.php?mmrrc_id=30278). Briefly, an enhanced green fluorescent protein (eGFP) reporter gene and subsequent polyadenylation sequence were inserted into the AT2R bacterial artificial chromosome (BAC) clone at the start codon of the first coding exon of the AT2R gene. This construct was then used to produce the transgenic mouse and results in eGFP expression driven by all of the regulatory sequences of the AT2R BAC gene. Mice used for the studies were maintained on a FVB/N 9 CD1 mixed background and were hemizygous for the transgene. In a subset of control studies, ISH was performed on the wild-type littermates of the AT2R reporter mouse. These mice were, therefore, on the same mixed background strain. Brains obtained from AT2R knockout (KO; AT2R-/Y) mice served as negative controls for the ISH studies. These KO mice were on a C57BL/6 background and a detailed description of their development can be found in Hein et al. (1995) .
Tissue collection and sectioning
At 10-12 weeks of age, mice were anesthetized with pentobarbital and perfused transcardially with 0.15 M NaCl followed by 4 % paraformaldehyde. Brains were then post-fixed for 3-4 h, after which they were stored in 30 % sucrose until sectioned using a Leica CM3050 S cryostat (Leica, Buffalo Grove, Illinois). For ISH experiments, perfused mouse brains were sectioned at 20 lm into 6 serial sections and immediately mounted onto SuperFrost Plus Gold Microscope Slides. After air-drying at room temperature for 20-30 min, slides were stored at -80°C until further processing. All solutions were prepared with DEPC-treated water and filtered using a 0.22 lm filter and tissue collection and sectioning were performed in RNasefree conditions. For immunohistochemistry (IHC) studies, mouse brains were sectioned at 30 lm into four serial sections and stored in cryoprotective solution at -20°C, until further processing.
In situ hybridization (RNAscope)
Single and double fluorescent RNAscope ISH studies were performed on brain tissue collected from AT2R-eGFP mice, as well as on their wild-type littermates as per the manufacturer's instructions; however, the pretreatment procedure was optimized to provide visualization of mRNA transcripts in the presence of preserved AT2R-eGFP protein. Specifically, after allowing tissue sections to dry at 25°C for 30 min, they were incubated with Pretreatment 4 (a protease) and then underwent the RNAscope Multiplex Fluorescent ISH protocol. Specific details of the RNAscope ISH technique are outlined on the vendor's website (www.acdbio.com). Briefly, target probes are designed using the proprietary ACD RNAscope Probe Design pipeline, and contain 20 short double-Z oligonucleotide probe pairs that are gene specific. For amplification and visualization, both Z-probes must bind to the mRNA of interest. RNAscope detection reagents are then sequentially hybridized to amplify the signal and subsequently color label the individual mRNA transcripts. For these experiments, the color label was assigned to either FAR RED (Excitation 647 nm; Emission 690 ± 10 nm) or ORANGE (Excitation 550 nm; Emission 580 ± 10 nm). Using this technique, each punctate dot represents a single mRNA target molecule.
For the analysis of AT1R, AT2R, and eGFP mRNA localization to AT2R-eGFP-positive cells, brain regions of interest (ROIs) included the following: the nucleus of the solitary tract (NTS), the dorsal motor nucleus of the vagus (DMNV), the area postrema (AP), the medial prefrontal cortex (mPFC), and the median preoptic nucleus (MnPO). Each slide contained 4-8 sections, depending on the size of the sections. For each ROI, the following probe combinations were utilized: (1) Negative control probe, (2) Positive control probe, (3) AT2R and eGFP, and (4) AT1R. Additional negative controls for the probes included brain sections collected from KO mice that lack AT2R. One series of sections through the hindbrains of these KO mice were hybridized with the AT2R probe and revealed no positive label. Two additional series of sections were hybridized with the negative and positive control probes, to determine the exposure time and image processing necessary to provide optimal visualization of RNA signal and also to control for possible RNA degradation. Probes for glutamic acid decarboxylase-1 (Gad1) and vesicular glutamate transporter-2 (vGlut2) were used to determine the percentage of AT2R-eGFP neurons in the NTS that are GABAergic or glutamatergic, respectively. In a separate control experiment, dual ISH for Gad1 and vGlut2 was performed on AT2R-eGFP sections to assess the extent of overlap between the two probes. Table 1 lists the primary antibodies, their vendors and the dilutions utilized. All primary antibodies were characterized by the manufacturers and in previously published studies (de Kloet et al. 2014; Gautron et al. 2013; Jessberger et al. 2008; Kádár et al. 2010; Krause et al. 2011; Langlet et al. 2013; Mousa et al. 2011) . All secondary antibodies were purchased from Jackson Immunoresearch, raised in donkey and used at a 1:500 dilution. In general, the IHC procedures were as follows. Brain sections were removed from cryoprotectant solution and rinsed five times for 5 min in 50 mM KPBS and then incubated in blocking solution (2 % normal donkey serum and 0.2 % Triton X in 50 mM KPBS) for 2 h at 25°C. This was followed by incubation with the primary antibody in blocking solution for 18 h at 4°C. Sections were again rinsed five times for 5 min in 50 mM KPBS and then incubated in the secondary antibody for 2 h at 25°C. After a final series of rinses (5 9 5 min), sections were mounted onto slides, allowed to air dry and then cover-slipped using polyvinyl alcohol mounting medium. For double-label IHC, sections were incubated with both primary antibodies simultaneously and, subsequently, both secondary antibodies simultaneously. For anti-human neuronal protein (antiHuC/D) staining of Elav family members HuC, HuD, and Hel-N, leading to the specific labeling of neurons in mice, an additional protease digestion step, using pretreatment 4 (20 min at 25°C) from the RNAscope ISH kit was completed prior to initiation of the IHC protocol. Importantly, all qualitative IHC studies were performed in at least four separate mice.
Immunohistochemistry
Image capture and processing All images were captured and processed using Axiovision 4.8.2 software and a Zeiss AxioImager fluorescent Apotome microscope. For RNAscope ISH and dual IHC/ RNAscope ISH, z-stacks of the proteins and transcripts of interest were captured at 409 magnification throughout the ROIs using neuroanatomical landmarks found in a mouse brain atlas (Franklin and Paxinos 2008) . In all cases, z-steps were set at 0.5 lm, with an average of 20 optical sections per image. For each experiment, sections hybridized with the positive control probes were used to determine the exposure time and image processing required to provide optimal visualization of RNA signal. These same parameters were then used for visualization of Gad1, vGlut2, eGFP, AT2R, and AT1aR mRNA signal in experimental sections, to assess background fluorescence in sections hybridized with negative control probe (DapB) and to determine the specificity of the probes using tissue obtained from KO mice. Importantly, using these exposure times and image processing parameters there was minimal or no fluorescence in sections hybridized with the negative control probe and in sections obtained from KO mice.
To generate the results reported in Table 2 , as well as the low-power images of the entire coronal sections from the mice depicted in Fig. 1 , images throughout each coronal section were captured at 2.59 magnification. Subsequently, images were imported into ImageJ and the MosaicJ plugin was utilized to assemble mosaics of each coronal section. For higher power images (59 -409) of single, double, and triple-label IHC, exposure time was adjusted using the best fit feature in Axiovision to provide optimal visualization. All final figures were then prepared using Adobe Photoshop 7.0 where the brightness and contrast was adjusted to provide optimal visualization.
Analysis
Mosaics of entire coronal sections through four separate mouse brains were analyzed to determine the number of eGFP-positive cell bodies and or the presence of eGFP fibers or terminals within brain regions important for cardiovascular, metabolic, endocrine, and behavioral responses to stress. Criteria for scoring the number of AT2R-positive cell bodies were as follows: 0 = no cells within the ROI, 1 = 1-25 % of the area occupied by cell bodies, 2 = 26-50 % of the area occupied by cell bodies, 3 = 51-75 % of the area occupied by eGFP-positive cell bodies, and 4 = 76-100 % of the area occupied by eGFPpositive cell bodies. All sections were analyzed by two separate investigators and mean score for each brain region was calculated and rounded to the nearest whole number. Brain regions that received a score between 0 and 0.5 are listed as \1. The presence of fibers or terminals was assessed in the same sections and are scored as either ? (indicating that there are fibers/terminals present within the ROI) or -(indicating that no fibers/terminals were observed within the ROI). Analysis of co-localization of mRNA transcripts with eGFP fluorescence was performed on selected brain regions in four separate AT2R-eGFP mouse brains. 409 magnification z-stacks of ROIs were used for the determination of the percentage of eGFP neurons that contain AT2R, eGFP, AT1aR, Gad1, and Vglut2 mRNA. An average of 2-8 z-stacks was captured for each ROI, depending on the rostrocaudal length of the particular ROI. eGFP neurons were considered to contain the RNA of interest if at least three visible transcripts, defined as an individual punctate dot, were observed within the volume of the eGFP fluorescence. Data are reported as the percentage of AT2R-eGFP cells that contain the RNA for each gene within each ROI.
To determine appositions between eGFP nerve terminals and the neurons within the paraventricular nucleus (PVN), 409 z-stacks (with an average of 20 optical Section (0.5 lm/section)) was assessed. Appositions were verified by a lack of separation between dual eGFP-positive boutons and the neuronal-specific marker (i.e., HuC/D).
Results
Co-localization of AT2R mRNA and eGFP protein
To assess the extent to which eGFP expression is indicative of AT2R expression, RNAscope ISH for AT2R mRNA and eGFP mRNA coupled with eGFP IHC was performed on selected brain regions determined to contain eGFP-positive cells. AT2R-eGFP cells containing mRNA for both eGFP and AT2R were observed in all of the brain nuclei assessed, which included the following: the mPFC, MnPO, NTS, AP, and DMNV. Notably, in the brain regions assessed, 100 ± 0 % of the cells that fluoresced green also contained mRNA for eGFP and 98 ± 0.18 % contained mRNA for AT2R. Conversely, AT2R mRNA was undetectable in the striatum, a region that was predetermined to lack AT2R-eGFP cell bodies and fibers/terminals (data not shown). Figure 1 contains representative images of eGFP protein (green) and AT2R mRNA (red) localized to the same cells within the mPFC ( Fig. 1a-c ; n = 4), NTS ( Fig. 1d-f ; n = 4) and DMNV ( Fig. 1g-i ; n = 4). To control for the possibility that the AT2R-eGFP transgene was modulating AT2R mRNA expression, RNAscope ISH in combination with IHC for the neuronal marker, HuC/D was performed on brain sections throughout the NTS and DMNV collected from wild-type mice. Qualitative assessment of these sections, revealed a similar distribution of AT2R transcripts within the NTS (Fig. 2a-c) and DMNV ( Fig. 2d-f ). RNAscope ISH was performed on the NTS of AT2R KO mice and revealed no positive signal when hybridized with the AT2R probe ( Fig. 2g-i ), but extensive labeling when hybridized with the positive control probe (Ubc1; Fig. 2j ), corroborating the specificity of this ISH technique. Finally, Fig. 3 contains a representative dual IHC image highlighting the degree of overlap between native eGFP fluorescence and eGFP IHC. Brain regions of interest (ROI) were identified by neuroanatomical landmarks with reference to a mouse brain atlas (Franklin and Paxinos 2008) . Criteria for scoring the number of AT2R-eGFP-positive cell bodies were as follows: 0 no cells within the ROI., 1 1-25 % of the area occupied by cell bodies, 2 26-50 % of the area occupied by cell bodies, 3 51-75 % of the area occupied by eGFP-positive cell bodies, and 4 = 76-100 % of the area occupied by eGFP-positive cell bodies. The presence of fibers or terminals was assessed in the same sections and was scored as either ?. Indicating the presence of eGFP fibers or -, indicating that no fibers were present. All sections were analyzed by two separate investigators and mean score for each brain region was calculated and rounded to the nearest whole number. Brain regions that received a score between 0 and 0.5, indicating that the majority of the coronal sections contained no AT2R-eGFP cells are listed as \1
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Distribution of AT2R-eGFP in brain nuclei that regulate cardiovascular function, metabolism, and stress responding
The primary goal of these studies was to evaluate whether AT2R are positioned to impact the neural circuits that regulate cardiovascular function, metabolism, and stress responding. Table 2 encompasses a survey of AT2R-eGFP expression throughout specific forebrain and hindbrain nuclei that are known to regulate these processes. Figure 4 depicts representative low-power images of key brain regions that contain AT2R-eGFP cells. In particular, high levels of AT2R-eGFP-positive cell bodies were observed in the mPFC, MnPO, portions of the amygdala, NTS, and the AP. Within the forebrain, the mPFC AT2R-eGFP neurons were localized to both the infralimbic and prelimbic portions at a density of approximately 26-50 % of the surface area of the nuclei. Amygdalar AT2R-eGFP neurons were primarily restricted to the central and medial nuclei (at a density of approximately 26-50 %), while no AT2R-eGFP neurons were observed within the basolateral nucleus. Furthermore, both the bed nucleus of the stria terminalis (BNST) and the lateral septum contained AT2R-eGFP cell bodies at a density of 1-25 %. Within the hypothalamus, in addition to a concentrated population of AT2R-eGFP cells within the MnPO (*50-75 % of the surface area being occupied by AT2R-eGFP cell bodies), AT2R were also localized to the anterior, lateral, dorsomedial, and posterior hypothalamic nuclei (Table 2) at an average density of *1-25 %. Scattered or no AT2R-eGFP cell bodies were observed in other hypothalamic nuclei assessed, including the PVN. The forebrain circumventricular organs also contained few AT2R-eGFP neurons, with negligible amounts localizing to the subfornical organ and a density of 1-25 % being contained within the organum vasculosum of the lamina terminalis.
Several mid-and hindbrain nuclei were also populated with AT2R-eGFP neurons. AT2R-eGFP cell bodies occupied approximately 26-50 % of the surface area of the DMNV, NTS, and hypoglossal nuclei and 1-25 % of parabrachial and nucleus ambiguus. Other nuclei assessed included the dorsal raphe, locus coeruleus, inferior olive, rostroventrolateral medulla (RVLM) and caudal ventrolateral medulla (CVLM).
AT2R-eGFP expression is localized to neurons
Based on the morphology of the AT2R positive cells (see Figs. 1, 2, 3, 4) , we hypothesized that AT2R-eGFP cells were mostly neuronal. To test this hypothesis, we focused on a select few brain regions that contained AT2R-eGFP and co-stained for neuronal (HuC/D), astroglial (GFAP), or microglial (Iba-1) markers. Figures 5 and 6 contain images of co-staining for eGFP and these cell-type-specific markers through the NTS, AP, and DMNV of the AT2R-eGFP mice. In all brain sections assessed, 100 % of the AT2R-eGFP cells exhibited positive staining for the neuronal-specific marker HuC/D (see Fig. 5 ), while no co-staining was observed between Iba-1 or GFAP (see Fig. 6 ).
Co-localization of AT1R mRNA with AT2R-eGFP neurons
Several lines of evidence suggest that AT2R activation counteracts AT1R-mediated actions via opposing intracellular signaling cascades; however, direct evidence localizing AT1R and AT2R to the same cells within specific cardiovascular control centers of the brain is limited. In the present studies, we performed an analysis of the localization of AT1aR mRNA to AT2R-eGFPpositive cells within selected brain regions (i.e., the PVN, MnPO, NTS, and AP) that contain AT2R-eGFP neurons and/or were also previously determined to contain AT1R (Hauser et al. 1998) . Figure 7 includes representative images of AT1R mRNA and AT2R-eGFP fluorescence in the MnPO, PVN, NTS, and AP. In the brain regions assessed, a small percentage of AT2R-eGFP neurons did contain mRNA for AT1aR; however, the majority of AT2R-positive cells did not contain AT1R transcripts. Specifically, the percentage of AT2R-eGFP neurons that are positive for AT1R mRNA within these brain regions was as follows: MnPO = 17.1 ± 3.6 %, NTS = 8.7 ± 1.0 %, AP = 6.87 ± 1.85 % (n = 4). In all of the brains assessed (n = 4), there were no AT1aR transcripts observed in the AT2R-eGFP neurons that surround the PVN. The implication is that, at least in these brain regions, AT1R and AT2R are localized primarily to separate sets of neurons.
AT2R-eGFP expression is localized to GABA and ChAT, but not TH, neurons in the hindbrain Several hindbrain nuclei are important for the regulation of cardiovascular function, metabolism, and stress responding. In particular, the NTS, the DMNV, and the nucleus ambiguus are nuclei that regulate these systems and express AT2R-eGFP and AT2R mRNA. We conducted experiments to determine the phenotype of AT2R-eGFP neurons within these hindbrain nuclei, so as to inform on potential mechanism(s) by which these AT2R may impact these systems. Figure 8 contains dual IHC/ISH results indicating the percentage of NTS neurons that express Gad1 mRNA or vGlut2 mRNA. As highlighted in Fig. 8 , the majority of AT2R-eGFP neurons contain Gad1 mRNA (see Fig. 8a -d, i), rather than vGlut2 mRNA, indicating that they are primarily GABAergic. However, a small group of neurons located adjacent to the caudal AP are predominantly glutamatergic (see Fig. 8e-i) . Importantly, dual ISH for Gad1 and vGlut2 indicates that Gad1 and vGlut2 mRNAs are localized to separate neurons in the NTS, thereby validating the utility of the RNAscope ISH for these mRNAs (Fig. 9) . Figure 10 contains representative IHC results indicating that AT2R-eGFP is not colocalized with TH within the NTS. This was confirmed by viewing TH positive cells at multiple levels of the NTS (data not shown); however, there are numerous AT2R-eGFP cells within the DMNV and nucleus ambiguus that co-label for ChAT.
AT2R-eGFP expression in GABAergic neurons surrounding the PVN and on terminals that contact AVP neurons
Numerous lines of evidence demonstrate that AT2R activation impacts the PVN; however, the present study indicates scant presence of AT2R-eGFP-positive cell bodies within the PVN. This point is illustrated well by Fig. 11 , which also highlights the lack of co-localization between AT2R-eGFP cell bodies and arginine vasopressin (AVP)-containing PVN neurons. Despite this lack of colocalization, a higher power view indicates that there are an abundance of AT2R-eGFP-positive neuronal fibers/terminals localized to the PVN that come in close contact with these AVP neurons (see Fig. 11 ). While it is clear that the PVN is devoid of AT2R-eGFP neuronal cell bodies, it is apparent from Fig. 11 that there are sparse AT2R-eGFP neurons surrounding the PVN, and the representative images in Fig. 12 demonstrate that these neurons contain Gad1 mRNA, and thus are GABAergic.
Discussion
In recent years, the potential therapeutic value of targeting the AT2R for various neurogenic pathologies has gained Jing et al. 2012) , limiting damage during stroke (Joseph et al. 2014; McCarthy et al. 2012) and in blood pressure regulation Li et al. 2003) . That said, the progression of research in these areas has been slow, due to technological issues that have limited the ability to effectively localize AT2R at a cellular level within the brain. The present study circumvents these issues by making use of the increased sensitivity and resolution of recent advances in genetic techniques in mice and ISH to provide an in depth analysis of AT2R localization within selected mouse brain nuclei. In the present study, we used an AT2R-eGFP BAC-transgenic mouse line to uncover the distribution of AT2R in the adult mouse brain. The major findings of the present study are that AT2R are well positioned to influence brain nuclei controlling cardiovascular function, metabolism, and stress responding. Furthermore, using this approach, we have been able to determine, for the first time, the neurotransmitter phenotype of key populations of AT2R-eGFP neurons within select cardiovascular control centers of the brain and have also demonstrated the potential for intracellular AT2R-AT1aR interactions by evaluating AT1aR/AT2R-eGFP co-localization. Lastly, the present data also indicate that under normal conditions, the expression of AT2R within the brain is limited to neurons and that microglia and astrocytes do not exhibit detectable levels of this receptor.
A novel approach to localize AT2R within the brain Until this point, elucidation of the mechanisms by which activation of brain AT2R exerts functional effects has been hindered by a number of factors: the unreliability of antibodies for angiotensin receptors (Benicky et al. 2012; Hafko et al. 2013; Herrera et al. 2013) , the low degree of sensitivity and resolution of traditional receptor autoradiography and ISH approaches, and the fact that receptor mRNAs are often expressed at a lower level than other mRNAs has made the use of ISH for the detection of receptors challenging. An important contribution of the present studies was, therefore, to assess the utility of a newly generated BAC-transgenic AT2R-eGFP reporter mouse line and of recent advances in ISH to examine the cellular localization of AT2R within the brain. Initial experiments conducted in the AT2R-eGFP BAC-transgenic mouse line revealed a high degree of co-localization between cells that display eGFP immunoreactivity, with those that contain mRNA for AT2R, thereby validating this mouse line for the investigation of AT2R localization within the brain. Although the quantity of visible AT2R transcripts within these GFP cells was, in some instances, low relative to some other mRNAs examined (e.g., Gad1), mammalian proteins are generally orders of magnitude more abundant than their mRNAs (Schwanhausser et al. 2011) . As a consequence, even an apparently low number of mRNAs within a given cell can have functional relevance at the level of protein expression.
AT2R localization within the brain
It has long been assumed that the expression and function of AT2R predominates during development, while that of AT1R prevails during adulthood (Nuyt et al. 1999; Yu et al. 2010) . As a consequence, the role of AT2R in adults has often been overlooked. Nonetheless, there are studies that have revealed AT2R expression and binding in adult rodents. These studies were primarily conducted in the rat (Johren et al. 1995; Lenkei et al. 1996 Lenkei et al. , 1997 Millan et al. 1991) and documented AT2R expression in many areas that are consistent with the present study. Such studies have also been conducted in the mouse, which is of particular relevance for the current manuscript. In this regard, Hauser et al. (1998) documented AT2R binding in many mouse forebrain and hindbrain nuclei, such as the amygdala and NTS. Our mRNA and eGFP expression results are in many instances, consistent with these findings; however, there are some key differences. For example, the present studies revealed that AT2R-eGFP cells and mRNA were abundant within the MnPO, while Hauser et al. (1998) did not observe AT2R binding within this region. Importantly, rather than these discrepancies pointing to a deficiency in either the present or the former study, the combined interpretation of these data may inform on the cellular localization of AT2R. That is, it is possible that AT2R are localized exclusively to the terminals of MnPO neurons, rather than their cell bodies. This localization would lead to the presence of AT2R-eGFP cell bodies in the MnPO (as reported here), but no AT2R binding [as documented in Hauser et al. (1998) ]. Another cause for discrepancies between the present and former data may arise from the higher level of resolution of the methodologies used in the present studies, thereby revealing AT2R expression in some additional brain regions. Importantly, the increased resolution of the techniques used in the current study, have allowed for an in-depth analysis of the phenotype of AT2R positive cells and provide insight into how activation of AT2R may impact brain function. In addition, a number of studies have examined AT2R immunoreactivity within the brain (Coleman et al. 2009; Premer et al. 2013; Reagan et al. 1994) . However, the controversial nature of available angiotensin receptor antibodies for IHC (Benicky et al. 2012; Hafko et al. 2013; Herrera et al. 2013 ) has led to waning in the confidence in the results of these studies. Nonetheless, it is of direct relevance to consider these previous results in the context of the present studies, and this is done throughout the subsequent sections of the discussion.
AT2R-eGFP cells are neuronal
The present data indicate that, at least under basal conditions and within the brain regions assessed, AT2R-eGFP cells are neuronal. AT2R-eGFP cells within the brain not only exhibit neuronal morphology, but they also display extensive immunoreactivity for the neuronal marker, HuC/ D. Conversely, no immunoreactivity for microglial or astroglial markers was observed in AT2R-eGFP cells under these conditions. Consistent with these observations, Lenkei et al. (1996) previously determined that in the lateral septum AT2R mRNA is not detected in GFAP containing cells (Lenkei et al. 1996) . Furthermore, although Saavedra and colleagues found that the AT2R receptor ligand CGP42112, binds to microglia/macrophages, they also determined that Ang-II does not bind microglia/macrophages in the brain (Saavedra and Pavel 2006) . The implication is that this particular AT2R ligand also binds to a non-AT2R site in these cells (Egidy et al. 1997; Saavedra and Pavel 2006) .
Although we did not observe AT2R-eGFP co-localization with Iba-1 or GFAP in the present study, there are lines of evidence that AT2R activation impacts nonneuronal cells within the brain (McCarthy et al. 2012 (McCarthy et al. , 2014 Miyoshi et al. 2008; Rodriguez-Pallares et al. 2008) . In this regard, AT2R mRNA and protein have been localized to cultured rat microglia and astrocytes (Miyoshi et al. 2008; Rodriguez-Pallares et al. 2008) , which contrast our in vivo results in mice. Furthermore, in vivo, AT2R agonism using Compound 21 (C21) enhances microglial activation when given prior to stroke (McCarthy et al. 2014) . These previous findings coupled with the present results suggest that the impact of AT2R agonism on non-neuronal cells within the brain is likely an indirect consequence of neuronal AT2R activation. However, the present studies do not rule out the possibility that other cell-types within the brain begin to express the receptor in certain circumstances; perhaps in response to an injury or insult. There is some evidence that this may be the case (Fuchtbauer et al. 2010) . For example, studies using an AT2R antibody suggest that there is an increase in co-localization between AT2R and the microglial marker lectin in the site of ischemia induced by middle cerebral artery occlusion (Wu et al. 2013) . The approaches utilized in the current study may be used to elucidate AT2R plasticity during pathological conditions. The hindbrain
The present studies revealed that AT2R-eGFP-positive neurons and fibers/terminals are densely localized to the NTS, DMNV, and NA, while only fibers/terminals are present in the RVLM. In agreement with these findings, there is recent Western blot evidence that AT2R are densely expressed in the whole brainstem of adult mice (Gao et al. 2012 ) and rats Yu et al. 2010) . Although AT2R have traditionally been thought to function predominantly in development (Nuyt et al. 1999; von Bohlen und Halbach et al. 2001; Yu et al. 2010) , these previous studies determined that the levels of AT2R in adult rodent hindbrains exceed those of brainstems collected from fetal rodents (Gao et al. 2012 , suggesting the possibility of a physiological role for AT2R in adulthood.
The nucleus of the solitary tract
The NTS is a hindbrain nucleus that densely expresses AT2R-eGFP neurons and plays a pivotal role in the neural regulation of cardiovascular function, metabolism, and stress responding. The intermediate third of the NTS, which is populated with AT2R-eGFP neurons, is considered a locus for the regulation of cardiovascular function (Guyenet 2006) . It is the principle site for the termination of baroreceptor afferent fibers, and thus mediates the inhibitory actions of baroreceptors on sympathetic outflow, thereby participating in the acute regulation of blood pressure. During various pathological conditions (e.g., metabolic challenges (Guimaraes et al. 2014) ), there is a 'resetting' of the baroreflex that is mediated by altered activity of the NTS that culminates in the defense of another (higher or lower) level of blood pressure. In addition to its prominent role in the regulation of cardiovascular function, the NTS also has many distinct roles in the regulation of metabolism and stress responses. (Hayes et al. 2009; Travers et al. 1987; Scheuer 2010; Zhang et al. 2010) . Another key contribution of this study is an in-depth analysis of the distribution and phenotype of AT2R-eGFP neurons in the NTS. AT2R-eGFP neurons within the NTS do not display tyrosine hydroxylase (TH) immunoreactivity. Moreover, minimal co-localization between AT2R-eGFP and vGlut2 was observed, with the exception of a small group of neurons adjacent to the caudal-most portion of the AP. Rather, the majority of AT2R neurons within the NTS are GABAergic (i.e., they express Gad1 mRNA). This is of importance because within the NTS, GABA is known to have potent effects on cardiovascular function (Masubuchi et al. 2004; Tsukamoto and Sved 1993) . GABA receptor agonists elicit pressor responses when injected into the NTS that are exacerbated in rats that are subjected to hypertensive stimuli, such as a high salt diet or DOCA/ salt hypertension (Tsukamoto and Sved 1993; Masubuchi et al. 2004; Vitela and Mifflin 2001) . Conversely, GABA B receptor antagonism (CGP-35348) prompts greater reductions in blood pressure in rodents subjected to hypertensive stimuli (Masubuchi et al. 2004 ). In Spontaneously Hypertensive Rats, GABA A or GABA B blockade into the NTS increases sympathetic baroreflex range and gain, suggesting that GABAergic mechanisms may be tonically reducing sympathetic baroreflex range and gain in this model of hypertension. Although the present studies indicate that AT2R are likely localized to GABAergic neurons within this region, the impact of AT2R activation on their neuronal activity is yet to be determined. That being said, it has been documented that angiotensin receptor binding and expression are sensitive to hypertensive stimuli (Plunkett and Saavedra 1985) and that manipulation of the RAS within the NTS regulates the baroreflex and blood pressure (Eshima et al. 2000; Polson et al. 2007; Shan et al. 2013; Wang et al. 2007) , as well as indices of GABA signaling (Zhang et al. 2009 ).
The dorsal motor nucleus of the vagus and nucleus ambiguus
Another novel finding of the current study is that AT2R-eGFP is co-localized predominantly with choline acetyl transferase (ChAT) immunoreactivity within the DMNV and the NA. The high degree of co-localization with ChAT is noteworthy because cholinergic vagal efferent preganglionic axons arise from the NA and the DMNV and these nuclei both send projections to neurons within the cardiac ganglia. As such, these nuclei are critical for parasympathetic cardiac regulation and increased vagal input to the heart causes bradycardia. Furthermore, the DMNV is widely recognized to impact metabolic function via vagal input to the pancreas and various organs of the gastrointestinal tract (Mussa and Verberne 2013) and Ang-II has previously been found to excite DMNV neurons (Mo et al. 1992) . It is also clear from our data that not all of the ChAT cells in the DMNV and NA are positive for AT2R. Thus, it is possible that the AT2R-containing ChAT neurons are a subset that serves only one of the above-mentioned functions, rather than both.
The ventrolateral medulla
In the present studies, we did not observe AT2R-eGFPpositive cell bodies in the RVLM and CVLM. Despite the absence of AT2R-eGFP neurons in the RVLM/CVLM, there are several previous reports of AT2R actions within these areas. For example, there is western blot evidence for AT2R protein in the RVLM which is reduced in congestive heart failure (Gao et al. 2008) and it has been proposed that reduced AT2R signaling within the RVLM may be involved in sympathetic over activity that is characteristic of congestive heart failure (Gao et al. 2008) . In further support of a functional role for AT2R within the RVLM, microinjection of the AT2R agonist CGP42112 into this region decreases blood pressure and sympathetic outflow, effects that contrast AT1R activation within this area (Gao et al. 2008) . Overexpression of AT2R in the RVLM decreases blood pressure in normal rats (Gao et al. 2008) , while knockdown of AT2R causes elevations in blood pressure (Wang et al. 2004 ). Although we do not observe many AT2R-eGFP cell bodies within these areas, it is important to note that these areas are densely populated with AT2R-eGFP-positive terminals/fibers. It is possible that rather than being localized to cell bodies within the RVLM, AT2R are expressed presynaptically on nerve terminals and that activation of these AT2R, may influence neurotransmitters released from these terminals.
The forebrain A number of forebrain nuclei that regulate cardiovascular function, metabolism, and stress responding are also populated with AT2R-eGFP neurons, with a particular abundance being localized to the mPFC, the MnPO, as well as portions of the amygdala and hypothalamus.
The medial preoptic area
The medial preoptic area contains a collection of subnuclei (e.g., the MnPO) that are implicated in the control of body fluid homeostasis and blood pressure, particularly in response to hyperosmotic stimuli. Of the brain nuclei assessed in the present study, the MnPO has the greatest abundance of AT2R-eGFP neurons. As discussed earlier, while these findings contradict previous data, which demonstrated no AT2R binding within this nucleus (Hauser et al. 1998) , they might suggest that AT2R are localized to the terminals of MnPO neurons, rather than their soma. The present studies also suggest that AT2R-eGFP efferent terminals are within the PVN of the hypothalamus and it is intriguing to hypothesize that AT2R-eGFP neurons of the MnPO may be projecting to PVN neurons and impacting their activity.
The paraventricular nucleus of the hypothalamus
The PVN is a critical control center for numerous homeostatic functions, including blood pressure regulation, energy balance, and stress responding. Further, numerous studies, including our own, have indicated that Ang-II actions at its AT1R within this nucleus are important contributors to these processes (Chen et al. 2011; de Kloet et al. 2013 , de Kloet et al. 2014 Northcott et al. 2010) . Another important finding of the current manuscript is that, for the most part, AT2R-eGFP neurons do not reside within the PVN. As expected based on the minimal localization of AT2R within the PVN, AT2R-eGFP is not localized to PVN AVP neurons; however, there is an abundance of AT2R-eGFP-positive terminals/fibers in the PVN. This is in agreement with a number of ISH studies conducted in mice and rats (Lenkei et al. 1996 (Lenkei et al. , 1997 ; however, it contrasts immunohistochemical studies (Coleman et al. 2009; Reagan et al. 1994 ) which have documented AT2R binding and immunoreactivity within the PVN. This discrepancy could be the result of species differences between mice and rats, as the previous studies were predominantly conducted in rats, while the present studies are exclusively conducted in mice. However, it is also possible that although there are no AT2R-eGFP-positive neurons in the PVN, AT2R are localized to nerve terminals within this region. This could account for the above-mentioned AT2R binding and immunoreactivity within the PVN, but not for the lack of detection of AT2R mRNA (Lenkei et al. 1996 (Lenkei et al. , 1997 or AT2R-eGFP cell bodies, as determined in the present studies. Consistent with this notion, many of the regions we found to contain AT2R-eGFP neurons, including the MnPO and BNST are known to project to the PVN (Choi et al. 2007; Stocker and Toney 2005) and, therefore, may be the source of these AT2R-eGFP terminals within this nucleus.
Other hypothalamic nuclei
Other hypothalamic nuclei that contain AT2R-eGFP neurons include the anterior (AH), posterior (PH), and dorsomedial hypothalamic (DMH) nuclei. Of particular interest, the DMH plays an important role in the regulation of blood pressure, energy balance and stress responses. For example, there is evidence for a DMH-NTS connection that mediates cardiovascular changes (i.e., change in heart rate variability and baroreflex) associated with social defeatinduced anxiety (Sevoz-Couche et al. 2013 ).
Amygdala
The amygdala is an important component of the limbic system that contains a collection of subnuclei, some of which are populated with AT2R-eGFP neurons. In particular, AT2R-eGFP neurons are distributed throughout portions of the central (CeA) and medial (MeA) nuclei, but are absent within the basolateral nucleus. These AT2R-eGFP-containing areas of the amygdala are involved in various processes, such as memory, emotional reactions, hydromineral balance, and metabolism (Petrovich et al. 2009; Schulkin et al. 1989; Zardetto-Smith et al. 1994) . Both the CeA and MeA are implicated in behavioral and cardiovascular responses associated with fear and anxiety (Saha et al. 2005) . Although the RAS is known to influence the function of amygdalar neurons (Breigeiron et al. 2002; Cecconello et al. 2010; Heshmatian et al. 2007; Llano Lopez et al. 2012; von Bohlen und Halbach et al. 2001) , the contribution of AT2R to these effects is not clear. Activation of the RAS within the amygdala has been found to impact blood pressure (Heshmatian et al. 2007 ), hydromineral balance Yan et al. 2014) , and sexual behavior (MeA) (Breigeiron et al. 2002; Cecconello et al. 2010) . Pharmacological inhibition of amygdalar AT1R via bilateral infusion of losartan is anxiolytic in acutely stressed rats when tested in the elevated plus maze (Llano Lopez et al. 2012) . The presence of AT2R within this area brings to light the possibility that an increase in AT2R binding upon losartan administration is contributing to the anxiolytic effect of the drug. Consistent with a developmental effect of AT2R within this area, genetic deletion of AT2R increases cell number in the amygdala (von Bohlen und Halbach et al. 2001 ).
The bed nucleus of the stria terminalis and lateral septum
The BNST is another limbic brain region that contains AT2R-eGFP neurons and fibers/terminals and is known to participate in cardiovascular, endocrine, and behavioral response to stress (Choi et al. 2007; Ciriello et al. 2013; Crestani et al. 2013) . It serves as a relay between other limbic areas of the forebrain and the hypothalamus and brainstem (Crestani et al. 2013 ) and Ang-II has been found to impact neuronal activity within the BNST via an AT1R-dependent mechanism (Lienard et al. 1996) . Consistent with our finding that AT2R-eGFP neurons are localized to the BNST, Hauser et al. observed AT2R binding within this region (Hauser et al. 1998) . Previous studies have also observed that angiotensin-II receptor binding sites in the ventral portion of the BNST are reduced upon interruption of the medial forebrain bundle, while lesion of cell bodies within this area using a neurotoxin did not alter binding (Grove et al. 1998 ). The implication is that Ang-II receptors are likely located on nerve terminals in this region that have their cell bodies in the brainstem.
The lateral septum is also involved in autonomic and behavioral responses to stressful stimuli (Reis et al. 2011) and contains AT2R-eGFP neurons. A lateral septum to MeA pathway has been found to regulate cardiovascular homeostasis (Scopinho et al. 2012) . Furthermore, the lateral septum is a part of a pressor pathway that originates in the cingulate cortex (Fernandes et al. 2005) .
Ventral medial prefrontal cortex
The mPFC is involved in cardiovascular modulation (Fernandes et al. 2003 (Fernandes et al. , 2007 Tavares et al. 2004 ), metabolic and behavioral control, particularly in response to stressful stimuli (McKlveen et al. 2013; Muller-Ribeiro et al. 2012) . Both the infralimbic and prelimbic portions of the ventral mPFC are involved in cardiovascular and behavioral responses to stressful stimuli, and contain a particular abundance of AT2R-eGFP neurons. While these areas are connected to portions of the amygdala as well as hindbrain and thoracic (Bacon and Smith 1993 ) cardiovascular regulatory pathways, there is no available evidence for effects of Ang-II via AT2R at these sites.
AT1R/AT2R interactions
Another contribution of the present manuscript is an analysis of the co-expression of AT1aR and AT2R in neuronal populations within selected brain nuclei. For the most part, AT1a mRNA and AT2R-eGFP were localized to distinct cells within the brain regions examined; however, a small percentage of neurons examined did contain both receptors. Several lines of evidence have led to the hypothesis that stimulation of AT2R opposes AT1R activation via triggering opposing intracellular signaling cascades (Sumners et al. 1991) . It has, therefore, been speculated that the balance between AT1R and AT2R contributes to the extent by which the RAS impacts various homeostatic systems. Our results suggest that in some instances AT1R and AT2R may counter-regulate each other by activating opposing intracellular signaling cascades within the same neurons; however, it appears that these subtypes of angiotensin receptors more frequently influence the function of separate neurons that reside in the same brain nuclei.
Conclusions: implications for the central control of cardiovascular, metabolic, and stress homeostasis Based on the localization observed in this study, it is reasonable to hypothesize that activation of AT2R within the brain would influence cardiovascular function, energy homeostasis and stress responding. Although the literature is replete with data suggesting that Ang-II can act via AT1R to negatively impact these processes, there are far less studies examining the potential role of AT2R within the brain. Nonetheless, there is both genetic and pharmacological evidence that complement these neuroanatomical studies and suggest that there are indeed functional AT2R in the adult brain that exert protective effects for many aspects of physiology. In regards to cardiovascular function, a number of studies have revealed a cardioprotective role for brain AT2R. AT2R null mice have elevated blood pressure relative to controls, while Ang-II given intracerebroventricularly evokes a larger increase in blood pressure in AT2R KO mice Li et al. 2003) , implying that AT2R plays an inhibitory role in Ang-IIinduced blood pressure elevation. Furthermore, direct activation of central AT2R using C21 decreases BP and NE excretion in the urine ) and improves arterial baroreflex sensitivity in rats with heart failure . There is also some evidence for beneficial actions of central AT2R on metabolic function. Rats that overexpress AT2R have a lower body weight (Peters et al. 2012) . Further, AT2R activation using C21 improves glucose tolerance (Shao et al. 2014 ) and has direct effects on the pancreatic islets to increase insulin biosynthesis and secretion (Shao et al. 2013 ). The present studies also reveal that AT2R are distributed within many brain regions that regulate stress responding and mood and there are some published studies supporting the notion that AT2R activation may serve as a therapeutic for stress-related pathologies. AT2R KO mice exhibit increased anxiety-like behavior compared to wild-type mice (Okuyama et al. 1999 ) and AT2R also act in opposition to AT1R, in regard to the cardiovascular responses to stress (Israel et al. 2000a, b) . It has been found that upon administration of an AT1R antagonist, AT2R signaling becomes augmented. To this end, administration of an AT1R antagonist and then subsequent exposure to foot shock stress, leads to a consistent vasodepressor response that is mediated by AT2R, as it is blocked administration of an AT2R antagonist (Israel et al. 2000b) . Collectively, the current localization of AT2R provides an important and novel look at the distribution of AT2R within brain regions that regulate cardiovascular, metabolic, and behavioral responses to psychological or physiological stressors, thereby opening doors for future investigation of the functional role of these receptors in the neural control of these processes.
